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Abstract— Supercritical fluid (SCF), an intermediate state
between gas and liquid, has been recently considered for being
used as insulating media owing to properties that show exceptional
dielectric strength, high heat transfer capability, and low viscosity.
However, research on utilizing SCFs for power applications is still
in its early stage, leaving literature and useful data on this topic
very limited. This paper reviews and compares available literature
related to the dielectric properties of SCFs, especially the electrical
breakdown characteristics. Representative researches on the
experimental demonstration of the discharge phenomenon in
SCFs are summarized in this review. Important transport
properties of SCFs, including viscosity, heat capacity, and thermal
conductivity, are discussed. Furthermore, key parameters that
define their dielectric properties, including conductivity and
permittivity, are compared and summarized. Applications that
require strong electric fields, efficient heat dissipation, and fast
motion can benefit from using SCFs as a dielectric medium. The
objective of this study is to provide a new perspective and useful
recommendations on the selection of dielectric media for various
practical purposes.

Keywords— supercritical fluids, breakdown, dielectric medium,
conductivity, permittivity

I. INTRODUCTION

Supercritical fluid (SCF) refers to a state of substance in
which the temperature and pressure are above its critical point,
where 7> T. and P > P.. SCFs are widely studied and applied in
chemistry, due to favorable properties in diffusivity, solubility,
and density. Traditionally, chemical applications of SCFs
include extraction of products from natural materials [1, 2],
polymer processing [3], and drying [4]. Beyond chemical
applications, SCFs have also drawn much attention because of
enabling current and emerging applications as heat transfer
fluids in concentrating solar power [5], solar water heater [6],
and carbon capture and storage [7].

978-1-7281-5485-5/20/$31.00 ©2020 IEEE

Chunmeng Xu Farhina Haque
School of Electrical and Department of Electrical and
Computer Engineering Computer Engineering

Georgia Institute of Technology
Atlanta, GA, USA
chunmengxu@gatech.edu

Mississippi State University
Mississippi State, MS, USA
th317@msstate.edu

Lukas Graber
School of Electrical and
Computer Engineering
Georgia Institute of Technology
Atlanta, GA, USA
lukas.graber@ece.gatech.edu

Newer applications include the use of SCFs in combination
with electrical discharge. The investigation of electric discharge
in SCFs has been a continuing effort for decades, yet most
studies are related to the generation of electric plasmas in SCFs
for chemical synthesis and nanomaterials fabrication [8, 9].
There are few reports on utilizing SCFs as dielectric media for
power applications. As a relatively new field of research, the
feasibility of SCFs to replace conventional insulating media has
come into public notice [10-12]. However, data specifically
about the dielectric and insulating characteristics of SCFs are
still scarce. Therefore, the main objective of this review is to
compare and summarize available literature related to dielectric
properties of SCFs, and present recent progress on the effective
characterization methods for evaluating dielectric properties of
SCFs.

This review is structured as follows: first, the transport
properties of SCFs are introduced subsequently a discussion of
the unique characteristics of SCFs that could influence the
dielectric property, including density fluctuation, molecular
clustering, and cluster size is presented. In the second part,
representative studies on the investigation of SCFs with a focus
on dielectric properties are summarized. Additionally, electrical
testing methods for characterizing dielectric properties of SCFs
are discussed. Finally, we demonstrate existing and potentially
new applications that could benefit from using SCF as the
insulating and dielectric medium.

II. PHYSICAL PROPERTIES OF SCFs

A. Transport Properties

In general, SCF represents the intermediate state of matter
between liquid and gaseous states. As an example, Fig. 1 (a)
shows a density-pressure (p - P) diagram of carbon dioxide
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Fig. 1. (a). Density — pressure (p - P) diagram of carbon dioxide (CO,) with isothermal lines. The critical point for CO, is represented by the yellow dot at 7, = 304.1
K, P.=7.39 MPa[13]. (b). Comparison of the viscosity of CO, in three different states. The viscosity of SCFs lies between that of liquids and gases. (c). Comparison
of thermal conductivity of CO,, and (d) compares the heat capacity of CO, in gaseous, liquid, and SCF. Green dashed lines represent the fluid in the gaseous phase.
Blue and red asterisks represent the fluid in the liquid phase and the supercritical state, respectively [14].

(CO,) with isothermal lines. The critical point for CO, is
represented by the yellow dot at 7. = 304.1 K, P. = 7.39 MPa
[13]. Small changes in the CO, pressure result in large changes
in the density near the critical point. During phase change of CO»
at a constant pressure below the critical pressure (P < P.), CO»
transits from liquid to vapor for all temperature values. On the
other hand, when CO; is at a constant pressure above the critical
pressure (P > P.), it can condense into the liquid state by
cooling, but it cannot achieve the gaseous phase by merely
heating the fluid.

Many of the physical properties of SCFs, such as density and
viscosity, are between those of liquids and gases, as shown in
Fig. 1(a) and Fig. 1 (b). While this is not true for some other
properties like thermal conductivity and heat capacity, which are
maximized near the critical point, as shown in Fig. 1 (c) and Fig.
1 (d) [14].

B. Unique Structural Characteristics of SCFs

One of the intriguing characteristics of SCFs rests in the
anomalous behavior of fluids near the critical point. As
mentioned in the previous section, some physical properties like
thermal conductivity and heat capacity reach maximum values
in the vicinity of the critical point. Similar anomalies have also
been reported in the electrical discharge area. For example, the
decrease of breakdown voltages for micrometer-scale gap
electrodes [15, 16], the local decrease of the plasma temperature
[17], and the local maxima of atomic emission intensities
generated by pulsed laser ablation plasmas [18, 19] are all
observed near the critical point. Such critical anomalies can be
further explained and investigated from the microscopic point of
view by the molecular clustering, as well as the macroscopic
point of view by the density fluctuation.
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The formation of clusters greatly influences the transport
properties and the structures of SCFs. Comparing with clusters
in solids and liquids, clusters in SCFs consist of molecules with
relatively weak intermolecular forces such as van der Waals
forces. Also, the average cluster lifetime in SCF is much shorter
than that in solids and liquids. The cluster size and the number
of molecules in an SCF cluster can be calculated from the
Ornstein-Zernike correlation length & According to the
Ornstein-Zernike theory, the correlation length ¢ can be
determined from the characterization of the material using Small
Angle X-ray Scattering (SAXS) [20]:

_ 1(0)
T 1+ 252
where I(s) is the scattering intensity, and I(0) is the zero-angle

scattering intensity at s = 0. s is a measure of the scattering
angle defined as:

1(s) €y

_ 41 sin 8 5
S = A ()

where 6 is the scattering angle, and A is the x-ray source
wavelength.

Data obtained from the SAXS experiment are also related to
density fluctuation Fp, which quantifies the extent of the
molecular clustering [20]:

AN =NDD 1) 1 (V) ke
T (N) T N Z%2 ngV KD

Fp (3)
where N is the total number of particles in a given volume V,
(N) is the average of N, Z is the number of electrons in a
molecule, ng is the standard deviation of the local number
density, ng,. is the average number density , kg is the
isothermal compressibility, and k9 is the value of k; for an
ideal gas. Fig. 2 (a) schematically illustrates a fluid with
negligible molecular clustering and density fluctuation. Fig. 2 (b)
represents a fluid under the condition where the density
fluctuation Fp is large.

| High density fluctuation I

I Low density fluctuation I

Fig. 2. Schematics of (a) the fluid with molecules with low density fluctuation
Fp value, and (b) the fluid with molecules under the condition where the
formation of clusters and the density enhancement are substantial, thus the fluid
has a high density fluctuation F, value.

III. DIELECTRIC PROPERTIES OF SCFs

Experimental investigations on the dielectric property of
SCFs always require the testing apparatus to have the
capabilities to endure high temperature and high pressure while
maintaining sufficient sealing capabilities. Stainless steel has
been commonly chosen as the material of the main body. If
measurements involving the optical method is required, such as
SAXS or laser schlieren, optically transparent materials
including sapphire [21], diamond [22], quartz [23], beryllium
(Be) [24], and zinc selenide (ZnSe) [25] have been used as the
observing window on the testing apparatus.

A. Electrical breakdown characteristics

The electrical breakdown characteristics of SCFs have been
investigated under different conditions and methods, as
summarized in Table 1. The discharge phenomenon in SCFs has
usually been compared with the established theory of gas
discharge known by the work of Townsend [26] and Paschen
[27]. The gas discharge theory illustrates that under a uniform
electric field, the breakdown voltage Vs can be expressed as
[27]:

BPd
Vg = — %)
ln [ APd ]

In(5)
where 4 and B are constants about a specific gas type determined
by experiments, y is the third Townsend ionization coefficient
which represents the average of secondary electron emissions
per positive ion hitting the cathode, P is the pressure, and d is
the electrode gap.

Given that the type of gas and the material of the cathode are
determined, and A4, B, and y are known, V4 is only the function
of the product of pressure P and gap distance d. However, the
theory only applies well at the situation of the discharge test at a
low pressure, with a small Pd value. Under the circumstance
where the discharge happens in a highly pressurized medium
like SCF, especially when the electrode gap distance is below
10 pm, Vjq starts to deviate from values estimated from
Paschen’s law. Particularly, in the vicinity of the critical point,
this breakdown anomaly is more notable by showing a local
decrease in breakdown voltage. Such breakdown anomaly near
the critical point has been found and reported by Ito ef al. under
the DC discharge in supercritical CO,, with gap distances d of
1 pm and 10 pm [15, 16]. Similarly, Sawada ef al. conducted
experiments on supercritical H,O and Xe and found the
anomalous breakdown behavior near the critical point with a
coplanar film electrode setup in a 1 um gap [28]. Supercritical
He has also been reported to exhibit such breakdown anomaly
by Muneoka et al. [29] with tungsten electrodes separated by a
3 um gap. The formation of molecular clusters can explain this
breakdown anomaly, given the increased electron mean free
paths near the critical point. In a supercritical state, the
microscopic structure of the fluid is characterized by
inhomogeneity in the molecular distribution due to the distinct
clusters of molecules. Especially, under the conditions close to
the critical point, the density fluctuation Fp increases
substantially due to constant aggregation and dispersion of
clusters, which affects the breakdown strength significantly.
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TABLE 1. REPRESENTATIVE RESEARCHES ON THE EXPERIMENTAL DEMONSTRATION OF THE ELECTRICAL BREAKDOWN
CHARACTERISTICS OF SCFS

Experimental demonstration

. Test
Investigator Year medium  Experimental condition (P, Experimental Electrode and gap Measured breakdown voltage /
T, p) method distance (d) field (Vsa/ Eba)
Furusatoetal. | 2018  CO, p=279-613.7 kgm’ Pulsed voltage Point-to-plane Via =30 -60 kV
[17] rising rate = 0.7
T=306 K KV/ns d=1mm
Abid et al. 2018 N, P=0.1-9.8MPa DC Sphere-to-sphere 10 mm Via =60 -450 V
[30] diameter, d =20 mm
Seeger et al. 2017  Synthetic P=0.5-10MPa Impulse d=5mm Eair saurare =26 - 30 kV/mm
[31] air, COy,
COZ/OZ ECO.memm =22-30 kV/mm
;r:gtgr;: ECO)/OZﬁSatumte =40 kV/mm
ECl-?lisammle =20 -30 kV/mm
Zhang et al. 2015 N, P=1-4MPa Impulse with d=0-12mm Epg mar=180 kV/mm
[12] 2 kV/ns,
2.5 kV/us, and
1.66 kV/ms
Zhang et al. 2014 N, P=1-8MPa Impulse d=0.18-0.5 mm Vgp =70 kV
32
321 T=300K No flow and
slight flow
Yang et al. 2014  CO, T =1305,298,293 K Pulsed voltage Sphere-to-sphere 10 mm Ve =16 KV
[11] _ rising rate = radius, d = 50 pm
P=15,6MPa 0.75 kV/ns
Pai et al. [33] 2014 CO, P=0.1-7.9MPa 10 kHz AC Surface dielectric barrier Viatwrae = 2.5 KV
B discharges setup,
T'=3043K borosilicate glass thickness
=50 um
Thara et al. 2012  CO, P=0.1-12MPa Impulse Needle-to-plane, tip radius Vid mae =30 kV
[34] =5pum
T=298,305K
d =5 mm
Thara et al. 2011  CO, P=7.8 MPa Impulse Needle-to-plane, tip radius Via = 65KV / Epg =9 kV/mm
[21] =5pum
T=305K
d =7 mm
Kiyan et al. 2011  CO, T=313K DC Spherical with diameter of Vid max=55 kV
[35] 5 5 mm and 20 mm; cone-to-
p =50 -600 kg/m cone | mm diameter tip
d =140 pm
Kiyan et al. 2007 CO, P=0.1-14 MPa DC Point-to-plane, tip radius = Vid max=35kV
[36] 35 pm
T=298,305,313K
d =200 pm
Sawada et al. 2006 H,Oand Py =0.1-28 MPa DC Plane-to-plane (coplanar V20 max = 2.5kV
[28] Xe film electrodes)
TH20 =650.65 K VXeimax =0.8kV
d=1pm
Py.=0.1-8 MPa
Tx.=292.15K
Lock et al. 2005 CO, P =8 MPa DC Point-to-plane and wire-to- Via = 18 kV
[23,37] plane
T=310K
d =110 um
Ito et al. [15, 2002  CO, P=0.1-10MPa DC Plane-to-plane (coplanar Via=500V
16] film electrodes)
T=305.65,308.15,313.15K
d=1,10 um
110
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B. Conductivity and permittivity

Electrical conductivity o quantifies how strongly the
material conducts electric current. It is defined as the ratio of
the density of the current to the electric field [38]:

o= = 5
- 5)
where J is the current density, and £ is the electric field. In the
case that the SCF is considered as the dielectric medium,
positive and negative ions are the main current carriers. The
current density is determined by the formula [39]:

J = qnv, (6)

where ¢ is the charge of carriers, n is the density of charge
carriers, and v, is the average speed of the charge carrier’s
movement.

There are few reports on the electrical conductivity of SCFs
available in the literature. In general, the values of the electrical
conductivity o of SCFs are very low. Hefner ef al. conducted
the electrical conductivity measurement of supercritical
mercury (Hg), and o values are below 107! S/m [40]. Like the
anomalous behavior observed in the electrical breakdown, the
electrical conductivity also exhibits such critical anomaly near
the critical point. Hoshino et al. found the electrical
conductivity of selenium (Se) drops sharply toward more
insulating behavior in supercritical state [41].

Another important parameter that helps to understand the
dielectric properties of SCFs is the complex permittivity &,
which represents the material’s ability to respond to the electric
field by its polarization. The complex permittivity € has the real
component €' and the imaginary component " such that:

e=¢—je" @)

where the real part €' quantifies the charge storage capacity, and
the imaginary part " attributes to bound charge and dipole
relaxation phenomena.

Studies on the permittivity of SCFs are also very scarce.
Testemale et al. observed that the permittivity of water shows a
decrease as getting closer to the critical point [42]. Skaf ef al.
performed a theoretical analysis of the permittivity of
supercritical water. Their result shows the highest relative
permittivity of 16.3 at 650 K [43].

IV. APPLICATIONS OF SCFS AS DIELECTRIC MEDIA

Besides applications mentioned in the introduction, many
applications that require strong electric fields, efficient heat
dissipation, and fast motion could benefit from such a new
dielectric fluid. Three potential applications that can be made
more feasible, efficient, and cost-effective are discussed in this
section.

A. Ultra-fast switchgear

Ultra-fast switchgear provides opportunities for DC circuit
breakers, which enable the use of meshed DC power systems
such as those required for power distribution on all-electric ships
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and electric aircraft [44] as well as multi-terminal high voltage
DC power transmission [45]. Transcontinental exchange of
renewable energy can eventually be achievable by enabling the
new design of DC circuit breakers with supercritical fluids as
dielectric media. Non-arcing disconnect switches with a new
operating mechanism such as piezoelectric actuators also can be
integrated with a new type of insulating medium for enhanced
performances [46, 47]. Supercritical fluids as new dielectric
media with high dielectric strength and low viscosity allow
reducing the contact travel, therefore allowing much faster
switching operation. Fig.3 shows the schematic diagram of two
potential applications: a high speed disconnect switch (Fig. 3
(a)), and a circuit breaker (Fig. 3 (b)).

(a) Two pairs of contacts

Insulator

Insulating medium

Conductor
Piezoelectric actuator

High pressure chamber

Drive mechanism
>

Fixed arcing contact
'

l

Dielectric nozzle

Piston

Moving arcing contact

Fig. 3. Conceptual drawings of applications for ultra-fast switchgear that could
benefit from using SCFs as dielectric media: (a) the high speed disconnect
switch, and (b) the circuit breaker.

B. Electrostatic rotating machines

For certain applications, electrostatic machines are preferred
over electromagnetic machines due to their relatively simple
structures, manufacturability, and higher power density. Ge et
al. investigated and compared ultra-high vacuum, dielectric gas,
and liquid dielectrics for electrostatic motors. Ultra-high
vacuum and gaseous dielectrics can only provide limited torque,
and the machines have to spin at a very high speed to develop
power. Viscosity is the main issue for liquids since it determines
the drag losses which influence the speed range of the machine
[48, 49]. A dielectric medium which combines high dielectric
strength as well as low viscosity is ideal for this application. Fig.
4 shows a schematic diagram of an electrostatic motor.
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Fig. 4. A prototype electrostatic machine built by Ge et al. [48]. Such a machine
can achieve a higher force because the voltage across micro-scale distances
produces strong electric fields. Electrostatic machines would neither require
heavy permanent magnets nor iron rotor/stator systems.

C. Van de Graaff generators

Linear accelerators often rely on van de Graaff generators to
provide ultra-low ripple DC voltage to supply ions. The limited
dielectric strength of the insulation gas in which the generators
operate increases the size of the installation. SCFs could shrink
the size of such accelerators, reducing their cost, and ultimately
allow more widespread use. The use of SCFs would benefit high
energy research as well as medical applications [50, 51]. Fig. 5
shows a van de Graaff generators in a linear particle accelerator.

High pressure
vessel

Belt to carry and
deliver charge
—

P >
[CECECERCMCECECHEC)

(Y ©,

\
Particle
accelerating tube

Belt pulley

«
lon beam

Belt drive motor
lon source

Fig. 5. Schematic diagram for a tandem Van de Graaff generator in a linear
particle accelerator. Using SCFs as insulating media enables a more compact
design so that it can be widely adopted.

V. CONCLUSION

In this review, we have given a summary of available
literature related to the investigation of the dielectric properties
of SCFs. Specifically, we have focused on the purpose of using
SCFs as a dielectric medium. Transport properties, including
density, viscosity, thermal conductivity, and heat capacity of
CO», have been compared in three different states. We have also
discussed the unique characteristics of SCFs, such as density
fluctuation and molecular clustering, which influence the
dielectric property. Experimental results on the -electric
discharge behavior of SCFs have been compared and
summarized with an emphasis on breakdown phenomena. We
have also presented existing technologies that could benefit
from such a new dielectric medium due to the need for strong

electric fields, efficient heat dissipation, and fast motion. As
traditional insulating and dielectric media all have
nonnegligible disadvantages in applications, we hope this paper
could provide a new perspective on the selection of dielectric
media for various practical purposes. We also expect more
studies on the subject of using SCFs as dielectric media,
especially the investigation on the conductivity, permittivity,
and dielectric loss of SCFs, to be carried out soon in the future.
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